C 2 H 2 -Run #1 for C 2 H 2 produced rather good energy estimates (error of 1 kcal/mol) for both TS and M2. Optimization of M2 was quick (8 iterations) but TS took a lot longer (67 iterations). Similar results were found in run #2. Run #3 produced a good estimate of E a but the subsequent QST3 optimization did not converge to the TS. Run #4 on C 2 H 2 illustrates a problem that comes up from time to time in SWARM. The minimum in | g| in the iteration sequence between M1 and M2 was barely detectable. Values of | g| for iterations 50 to 56 were: 0.01967, 0.01703, 0.01791, 0.01519, 0.01504, 0.01559, and 0.01299. After that, from iteration j = 57 to j = 66 (M2), | g| decreases monotonically.
minimum in | g| in the iteration sequence between M1 and M2 was barely detectable. Values of | g| for iterations 50 to 56 were: 0.01967, 0.01703, 0.01791, 0.01519, 0.01504, 0.01559, and 0.01299. After that, from iteration j = 57 to j = 66 (M2), | g| decreases monotonically.
The minimum at j = 54 is too shallow to reliably indicate a nearby TS. However, h (as defined in section II-B) changes sign from iteration 52 to 53. Furthermore, the variability in h i has a clear maximum at j = 53. These last two criteria helped confirm that the swarm passed near a TS at those iterations. However, the final selection of the best approximate TS geometry remains somewhat arbitrary. Curiously, the quickest convergence among the 1 four C 2 H 2 QST3 calculations occured in run #4 (22 iterations), the run with the worse E a estimate (8 kcal/mol error).
H 2 CO -We did H 2 CO calculations (not shown in tables) where the initial geometry consisted of H 2 and CO molecules in a T arrangement, with the C nearest to H 2 and 2.74
A from its center of mass. These runs did not produce useful results. A sequence animation shows that, in run #1, the CO molecule rotates, the H-H bond breaks, and both H atoms bind to the oxygen to form COH 2 which then quickly dissociates to form H 2 plus CO in a different relative orientation. Run #2 was similar. Run #3 forms a very distorted H 2 CO near the end of the run, and that might have relaxed to a geometry resembling formaldehyde given more iterations. However, it followed a very unfavorable path, with the highest energy being 165 kcal/mol above the reactants (the true E a is 89 kcal/mol). Run #4 was similar to #1 but stopped at iteration 57 because electronic structure calculations failed to converge.
The current implementation of SWARM looks unreliable for bimolecular reactions.
We also did SWARM runs that started at the equilibrim geometry of formaldehyde, H 2 CO (Table II) . Run #1 produced H 2 and CO as expected. The M2 energy estimate taken directly from the SWARM output is poor (error of 35 kcal/mol) because our program prevents H 2 and CO from fully separating, it forces them to recombine and explore other regions of the H 2 CO supermolecule PES. But in practice this is not a problem. Inspection of the SWARM geometries show well defined H 2 and CO fragments, and optimization of those two fragments quickly converge to the correct M2 geometry and energy. We were unable to locate precisely the TS by QST3 starting from the SWARM estimate of the TS in run #1.
The relative positions and orientations of H 2 and CO kept changing from iteration 56 to 180 (end of the run) and the lowest energy achieved in all those iteration was 29 kcal/mol, 17 kcal/mol above the true products' energy.
In run #2, H 2 CO dissociates to H, H and CO near j = 25. A rough estimate of the energy for dissociating both H atoms is 95 kcal/mol. Atoms then recombine to H 2 CO near j = 48 and return to M1 (E = 0.1 kcal/mol) at j = 53. The HCH angle closes to only 48
• (E = 136 kcal/mol) at j = 83. One CH bond breaks, and then the other, forming H 2 + CO around iteration 104. Two estimates to the TS are obtained, a shallow minimum in g is found at j = 94 (E = 86.6 kcal/mol), and a sign change in h at j = 87 (E ≈ 122 kcal/mol).
Both of them lead to the correct TS upon QST3 optimization, after 17 and 23 iterations, respectively.
In run #3, dissociation to H + HCO occurs near j = 20, followed by return to H 2 CO (M1) near j = 43 (E = 0.1 kcal/mol), dissociation to H + H + CO near j = 76, recombination to H 2 CO once more near j = 119, dissociation to H 2 + CO near j = 138, and changes in the relative positions of H 2 + CO until the end (j = 180). This run did not reveal any TS between j = 1 and j = 120, and g did not have a minimum near the energy maxima, indicating that the swarm's path was very far from the MEP. The best estimates to a TS for j > 119 are at j = 135 (sign change in h, E = 164 kcal/mol) and j = 146 (shallow minimum in g, E = 82.3 kcal/mol): upon QST3 optimization the former failed to reach the true TS, but the latter succeeded in 28 iterations.
In run #4, dissociation to H + HCO occurs quickly (j = 16), followed by bending of HCO, formation of H 2 + CO (j = 53), and changes in relative orientations of the H 2 and CO (j = 54 to j = 180). A rough estimate to E a for H 2 CO → H + HCO is 79 kcal/mol (obtained at j = 16). A rough estimate to the energy minimum H + HCO is 70 kcal/mol (obtained at j = 24). There is a minimum in g (g = 0.00593 a.u.) at j = 41 (E =91.1 kcal/mol) quite close to the energy maximum (91.4 kcal/mol) between iterations 17 and 53, so we take it as an estimate of the TS for HCO + H → H 2 + CO. A fairly good H 2 + CO configuration is reached by iteration j = 57 (31 kcal/mol) but the best H 2 + CO geometry is obtained much later in the run, at j = 152 (24.1 kcal/mol).
SiH 4 -Runs on the SiH 4 PES were done with two different starting geometries: silane at its equilibrium geometry, and SiH 2 + H 2 in a T configuration and 4.2Åapart. Each of the four runs starting from silane (M1) went to a square planar second order critical point 90 kcal/mol above M1 and then either dissociated to high energy products, or went back to M1. The SiH 2 + H 2 runs were better. Run #1 finds what looks like a TS: its energy is 0.2 kcal/mol, and a QST3 and frequency calculation shows one negative, and one numerically zero frequency. Then a shallow minimum of the PES is reached at j = 81 which can be described as a SiH 2 -H 2 association complex at −1.8 kcal/mol (its optimized energy is −4.6 kcal/mol). Next we get a second approximate TS (E a = +7.0 kcal/mol, the E a is +1.7 kcal/mol), and then the silane minimum (−59.6 kcal/mol, j = 178). The other runs are similar, they all find a weakly bound SiH 2 -H 2 complex (−4.6 kcal/mol), an approximate TS (≈ 5-7 kcal/mol), and then silane near j = 180. With our method and basis set, we can not say whether there really is a barrier to formation of the association complex. The other TS (with a true barrier of +1.7 kcal/mol) is found in all the runs. However, the best 3 estimate for that TS that we get from SWARM runs is never good enough for a converged QST3 calculation.
C 3 H 6 -By combining results of several SWARM runs, we found four distinct TS on the C 3 H 6 PES. Their structures are shown in Fig. 1 , and relevant data is summarized in Table III . We will name these TS according to their energy relative to cyclopropane: ts79 (79 kcal/mol), ts83 (83 kcal/mol), ts85 (85 kcal/mol), and ts102 (102 kcal/mol). Only ts83 connects cyclopropane (M1) and propene (M2): ts79 and ts85 have propene both as reactant and product, and ts102 has cyclopropane both as reactant and product. Table IV shows the three C-C distances (R(C2, C3) = R(C1, C2) except in ts83), the two C-H distances for the C atom that eventually becomes C2 in propene, and the C1C3C2H2 dihedral angle θ, where H2 is the H atom bonded to C2 with the longest CH bond length. In ts79, ts85, and ts102, all atoms lie in the same plane except for the two H atoms bonded to C2. The geometry of ts83 does not have any H atom in the plane defined by the three C atoms. When structures ts79, ts85, and ts102 are aligned on ts83, the average of distances between nearest atom pairs are 0.34Å, 0.35Å, and 0.36Å, respectively.
The format of Table III differs from Tables I and II : the third column is the accurate energy for the critical point found by SWARM. The four runs are similar in that they all got close to ts102 around iteration j = 55, then near ts83 (except run # 1, ts85) around j = 72, and then to M2 (except run #4 which fails to locate M2). Runs 2 and 3 partly follow the lowest energy pathway (go through ts83), find propene as the product, and discover the less important ts102. Run 1 fails to find ts83, but finds another TS (ts85) and ends up with the lowest energy product (propene), while run 4 finds the correct TS (ts83) leading to propene but, curiously, fails to reach propene. Taken together, these four runs give a lot of information about the PES of C 3 H 6 . The other TS (ts79) was found in one of the several other test runs we did.
II. TRANSITION STATE GEOMETRIES
The main paper gives a comparison of the approximate SWARM TS to the accurate QST3 TS only in terms of energy, and whether the SWARM estimate was sufficiently good to deliver the true TS upon QST3 optimization. Here we make a direct comparison of key geometrical parameters. For brevity we discuss only results of run #1 in all cases, except for cyclopropane where we use results from run #2 because run #1 did not generate any estimate of the relevant TS, ts-83.
First, we point out that some of the SWARM runs failed to generate any sensible estimate for the desired TS, e.g., CH 3 O run #4 (led to HCO+H 2 ), and H 2 CO run #2 (first created H+H+CO, then recombined into H 2 CO, then formed H 2 +CO but following a path very different from the minimum energy path). The results we show below are representative of successful SWARM runs, not of SWARM in general. In the following, accurate QST3 geometrical parameters are given first, followed by approximate SWARM values in parentheses.
Bond lengths are in Angstrom, angles in degrees.
HCN -The CH, NH, and CN bond lengths are 1.21 (1.17), 1.35 (1.43), and 1.19 (1.19), respectively.
NH 3 -The three NH bond lengths are equal 1.00 (1.00), and HNHH dihedral angle is 180.0 (178.8, slightly non-planar). A few general comments can be made. Bond lengths are reasonably good, with errors usually smaller than 0.05Å or smaller than 5% . Angles have larger errors, especially when one of the two bonds is very long. Dihedrals are sometimes very good, and other times seriously in error, e.g., −104 vs −209 in CH 3 O. This has to do, obviously, with the curvature of the energy surface along certain directions: SWARM did not find good geometrical parameters on flat energy surfaces. In the case of H transfer reactions, the SWARM TS geometry (determined from the structure with lowest norm of gradient) seems to have a bias. Compared to the true TS, it is closer to the reactant (further from the product). This is best seen by looking at XH' bond lengths, and the best example is the H' transfer from C to O in CH 3 O: the bond lengths at the TS are 1.28 (1.23) for H'C, and 1.20 (1.59) for H'O. Figure 1 shows how h evolved in two typical SWARM runs. The iteration number where the minimum in norm of gradient (corresponding to a TS) were found was 23 for HCN run 1, and 52 for cyclopropane run 2. In both cases, one can see a steep increase in h starting just a few iterations after that. Contrary to what we expected, the sign change of h occurs only later, at iteration 26 for HCN, and iteration 60 for cyclopropane. We have observed a similar behavior in other runs: the sign change of h tends to occur a few iterations after the minimum in norm of gradient.
III. EVOLUTION OF h (EQ. 8) WITH ITERATION NUMBER
We would expect that h goes near zero when the second minimum (M2) is reached. In fact, for HCN the best estimate to M2 (smallest norm of gradient near a energy minimum) is reached at iteration 61 whereas h got to zero much earlier (iteration 52). A similar result holds for the cyclopropane run: best M2 estimate at iteration 108, h ≈ 0 near iteration 96. This is easier to understand when we look at the entire output file of SWARM, including norm of gradient at each iteration. When the swarm goes downhill it does get close to M2 when h ≈ 0, but the swarm hovers near the minimum for a while, and the best M2 estimate (smallest norm of gradient) is typically among the few iterations immediately after the iteration with h ≈ 0. 
